The accumulation of two proteins, the nucleocapsid (N) protein and a non-structural (NSs) protein both encoded by the S RNA of tomato spotted wilt virus (TSWV), was followed in larvae during development and in adults of Frankliniella occidentalis after ingesting the virus for short periods on infected plants. The amounts of both proteins increased, as shown by ELISA and Western blot analysis, within 2 days above the levels ingested, indicating multiplication of TSWV in these insects. Accumulation of these proteins and of virus particles was further confirmed by in situ immunolabeUing of the salivary glands and other tissues of adult thrips. The accumulation of large amounts of N and NSs protein, the occurrence of several vesicles with virus particles in the salivary glands and the massive numbers of virus particles in the salivary gland ducts demonstrate that the salivary glands are a major site of TSWV replication. The occurrence of virus particles in the salivary vesicles is indicative of the involvement of the Golgi apparatus in the maturation of the virus particles and its transport to the salivary ducts.
Introduction
Tomato spotted wilt virus (TSWV), type species of the tospovirus genus of the family Bunyaviridae (Francki et al., 1991) , causes serious diseases world-wide in various crops. The genome of this plant-infecting bunyavirus consists of two ambisense RNA segments, S (small) and M (medium), and one negative-stranded, L (large) RNA segment. The L RNA encodes a protein which presumably represents the viral RNA polymerase . The M RNA encodes a non-structural (NSm) protein and a precursor to the G1 and G2 glycoproteins which are associated with the lipid envelope of the virus particle . The S RNA codes for an additional non-structural (NSs) protein and for the nucleocapsid (N) protein .
The virus is exclusively transmitted by thrips (Thysanoptera) in a persistent way. Eight species have been reported to serve as vectors, of which the western flower thrips, Frankliniella occidentalis Perg., is apparently one of the most important. Virus acquired by larvae renders the thrips infectious, and transmission of the virus is mainly ascribed to adults (Sakimura, 1962) . Recently, it has been shown that F. occidentalis larvae also transmit the virus efficiently. When virus was acquired by less-than-l-day-old first stage larvae, 80 % of the larvae could transmit before pupation (I. Wijkamp & D. Peters, unpublished) . To gain more insight into the mechanism of virus transmission by larvae and adults, and factors affecting vector specificities, an investigation of the fate of TSWV in its vector was warranted.
Circumstantial evidence exists showing that several animal-infecting bunyaviruses multiply in their insect vectors (Beaty & Calisher, 1991) , but such evidence is lacking for the tospoviruses. This is probably because the vectors are diminutive insects in which the increase of virus titre is difficult to assay quantitatively and from which cell cultures have not been developed so far. Conclusive evidence for multiplication of tospoviruses in thrips may, alternatively, be obtained by detection of the non-structural proteins, NSs or NSm, which do not occur in the mature virus particles and whose presence depends on the replication of the viral genome (Kormelink et al., 1991 , and by demonstrating an increase of the N protein which may play an essential role in the switch from transcription to replication.
In the present study, TSWV replication was investigated in thrips after exposing newly hatched first instar larvae to infected plants for only 2 h. Multiplication was monitored by ELISA and Western blot analysis using antisera to the N protein and NSs protein. In addition, evidence was obtained by immunolabelling that the salivary glands are a major site of TSWV multiplication in thrips.
The culture was started with adtdts collected from a greenhouse infestation in The Netherlands.
Infection of thrips. Impatiens sp. plants were used as virus sources.
The plants were inoculated 2 to 3 weeks after sowing, by single viruliferous adults of F. occidentalis carrying the BR-01 isolate. The plants were grown in a greenhouse at approx. 22 °C (16 h light, 8 h dark) for symptom development. Systemically infected leaves of source plants were used for acquisition feeding. F. occidentalis first instar larvae, 0 to 2 h old, were confined to the surface of infected leaves using cages as described by Tashiro (1967) . The thrips were given an acquisition access period (AAP) of 2 h at 27 (__+0-5)°C. First instar larvae, caged on virus-free Impatiens plants, were used as controls.
After the AAP, the larvae were transferred to healthy leaves of Datura stramonium L. in leaf cages. For ELISA and Western blotting, a subgroup of thrips was collected and frozen at -70 °C directly after the AAP (2 h). To perform the ELISA, samples of approximately 30 larvae were frozen at 6 h intervals up to 48 h and at 60 and 72 h after the beginning of the AAP. At the same intervals samples of thrips, confined for 2 h on healthy Impatiens leaves, were collected to be used as controls.
In the Western blot analysis, thrips that had fed on infected plants for 2 h were sampled at 6, 24 and 72 h after the start of the AAP, late L2 stage (120 h), prepupal (PP) stage, pupal (P) stage, and as 1 and 8 day old adults. Leaves were replaced each day until larvae reached the prepupal stage. This was done to prevent re-ingestion of newly replicated virus in Datura leaves inoculated by the viruliferons thrips.
Healthy thrips of the same age served as controls.
Selection of viruliferous thrips. Adults grown from larvae exposed to infected plants were tested on leaf discs of Petunia x hybrida cv. Blue Magic as described previously (I. Wijkamp & D. Peters, unpublished) . Inoculation access periods (IAP) of 24 h at 27 (_+ 0.5) °C were allowed. After the IAP the leaf discs were incubated at 27 °C in 24-well microtitre plates while floating on water for the development of local lesions. Symptoms were visually scored. The viruliferous adults identified by this method and healthy adults, as controls, were used for light and electron microscopy studies.
Antiserum production and purification. Polyclonal antisera were raised against the N protein (anti-N serum) of isolate BR-01 (Huguenot et al., 1990; de /kvila et al., 1992) . The production of polyclonal antiserum against the NSs protein (anti-NSs) has been described by Kormelink et al. (1991) . The immunoglobulin (IgG) fractions of both antisera were partially purified by ammonium sulphate precipitation as described by Clark & Adams (1977) . For the cocktail ELISA, IgGs of anti-N serum were conjugated at a concentration of 1 mg/ml with 2000 units of alkaline phosphatase (Grade I, Boehringer) in phosphatebuffered saline pH 7.4 (Avrameas, 1969) . The IgG and conjugate were stored with 0.05 % sodium azide at 4 °C. The NSs antiserum was crossabsorbed with acetone-washed powder of healthy thrips (Harlow & Lane, 1988) to eliminate background in ELISA and Western blot analyses due to non-specific reactions.
ELISA of thrips. Thrips were analysed both by cocktail ELISA and by antigen-coated plate (ACP) ELISA.
Cocktail ELISA was employed to detect the N protein of the virus in individual thrips. Wells of Nunc Maxisorp F96 immunoplates were coated with 150 gl of 0-5 pg/ml 7-globulins in coating buffer (0-05 Msodium carbonate pH 9.6) and incubated overnight at 4 °C. After rinsing of the plates three times with PBS (0.14 M-NaC1, 1 mM-KH2PO4, 8 mM-Na2HPO 4 and 2.5 mM-KCI) containing 0.05 % Tween-20 (PBS-T) they were incubated with 150 gl per well of 1% BSA in sample buffer (2 % polyvinylpyrrolidone, M r about 44000, and 0-2 % ovalbumin in PBS-T) for 30 min at 37 °C to block non-specific binding sites. Individual thrips were placed in Eppendorf tubes and triturated with a micropestle in 100 gl of sample buffer. Each suspension was divided in two portions which were analysed with anti-N and -NSs sera, respectively. One portion of the sample was transferred to the ELISA wells and mixed with 50 tal of 1 gg/ml anti-N conjugate in sample buffer. As a control a dilution series of virus purified from Nicotiana rustica plants was used. The cocktail was incubated overnight at 4 °C.
After incubation the plates were rinsed three times with PBS-T and the enzyme reaction was amplified as described by van den Heuvel & Peters (1989) . One hundred gl of 0.2 mM-NADP monosodium salt in 0.05 Mdiethanolamine buffer pH 9-5 was added per well. After incubation at 20 °C for 30 rain, remaining alkaline phosphatase activity was blocked by adding 15 pl of 0"05 N-ortho-nitrophenyl phosphate disodium salt (o-NPP) in 0.05 M-diethanolamine buffer per well. Subsequently, 150 gl of the amplification mixture was added per well. The stock amplification mixture consisted of 700 units of alcohol dehydrogenase, 100 units of lipoamide dehydrogenase (type VI), 3 % (v/v) ethanol and 1 mM-p-iodonitrotetrazolium violet in 15 ml of 0"025 M-phosphate buffer pH 7-0. The reaction was allowed to proceed at room temperature. Absorbance values were read on a Titertek Multiskan colorimeter (Flow Laboratories) at 492 nm. Blank values were read for wells that contained only sample buffer in the sample incubation step.
For monitoring NSs protein production in thrips, ACP ELISA was performed. Wells were coated with the second portion of the thrips sample in 50 lal sample buffer mixed with an equal volume of coating buffer (2 x ) and incubated overnight at 4 °C. As a control a dilution series of NSs purified from Spodopterafrugiperda cells (Kormelink et al., 1991) was used. Coating was followed by blocking of the plates with 150 lal 1% BSA in sample buffer for 0.5 h at 37 °C. Subsequent steps involved incubating the wells with 100 pl of 0-4 tag/ml of anti-NSs serum in sample buffer for 2 h at 37 °C followed by incubation with 0.3 gg/ml goat anti-rabbit IgG-alkaline phosphatase conjugate in sample buffer for 2 h at 37 °C. Between incubation steps, except after blocking, the plates were washed with PBS-T. The procedure was continued as described for the cocktail ELISA.
SDS-PAGE and immunoblot analyses of proteins in thrips.
Samples of 15 thrips were triturated in 15 gl PBS-T with a micropestle in an Eppendorf tube. For SDS-PAGE analyses of proteins, the samples were mixed with an equal volume of protein loading buffer (10 mMTris-HC1 pH 6"8, 2% w/v SDS, 10% v/v glycerol, 0.001% w/v bromophenol blue, 4 % v/v 2-mercaptoethanol). Samples were divided into two portions and analysed with each of the antisera. Each of these portions was applied to a 125 % SDS-polyacrylamide gel (Laemmli, 1970) . Virus preparations purified from plants and an NSs protein preparation from S. frugiperda cells were used as controls. After SDS-PAGE, proteins were transferred to Immobilon membranes (Millipore) by semi-dry blotting in semi-dry transfer buffer (39 mMglycine, 48 mM-Tris, 0.0375 % w/v SDS, 20 % methanol) using a semidry transfer cell (Trans-Blot SD, Bio-Rad). Membranes were blocked overnight at room temperature in PBS containing 3 % BSA. After several washing steps with PBS containing 0.3 % BSA, membranes were incubated in the same buffer containing either 1 gg/ml crossabsorbed NSs antiserum or 1 gg/ml BR-01 nucleocapsid antiserum. After washing, antigen antibody complexes were detected using 0-6 gg/ml alkaline phosphatase-conjugated goat anti-rabbit immunoglobulins (Tago), using 0"33mg/ml nitroblue tetrazolium and 0.165mg/ml bromochloroindolyl phosphate as a substrate (Leary et al., 1983) .
Electron microscopy. Viruliferous adult thrips which fed as 1 day old larvae for 24 h on infected Impatiens leaves, and virus-flee insects were immersed in 2% (w/v) paraformaldehyde and 3% (w/v) glutaraldehyde in PC buffer (0" 1 M-Na2HPO4.2H20, 9-7 mM-citric acid, pH 7.2, 1.5 mM-CaC12). A small piece of the anterior part of the head and posterior part of the abdomen was cut off to allow penetration of the fixative into the tissues. The fixative was infiltrated under vacuum IP: 54.70.40.11
On: Sat, 03 Aug 2019 23:34:00 Semi-thin sections with a thickness of 1 gm for light microscopy or nltrathin sections of 70 nm for electron microscopy were cut with a histo-diamond knife (Diatome) using a Reichert Ultracut E microtome. For light microscopy semi-thin sections of LR Gold-embedded specimens were individually mounted in drops of distilled water with glycerin albumin (Gurr) (1:200 v/v) on glass slides pretreated with dimethyldichlorosilane. The slides were dried on a hot plate at 60 °C. The sections were stained for 3 min in 1% toluidine blue in distilled water, washed in water, dried and mounted in Eukitt. Ultrathin sections of LR Gold-and LR White-embedded specimens were collected on golden slot grids with a formvar film and stained for 5 rain with an aqueous solution of 2 % (w/v) uranyl acetate and for 1 min with lead citrate according to Reynolds (1963) .
Immunogold labelling and silver enhancement. For light microscope detection of viral antigens by immunogold/silver staining, unstained semi-thin sections of LR Gold-embedded thrips were treated as described by van Lent & Verduin (1987) . Sections were examined with phase-contrast or with epi-illumination in a Leitz Laborlux S light microscope equipped with a polarization filter block (epipolarization microscopy). Immunogold labelling and silver enhancement of antigens in ultrathin sections were performed as described by van Lent et al. (1990) . Sections were examined in a Philips CM12 transmission electron microscope.
Antisera against the N and NSs proteins were used at a concentration of 1 lag/ml.
Results

Accumulation of viral proteins after TSWV acquisition in F. occidentalis
To determine whether TSWV multiplies in its vector F. occidentalis, the accumulation of viral proteins was monitored by ELISA and Western blot analysis. As viral antigens the N protein (28.8K) and the NSs protein (52-4K) were chosen. Monitoring of the N protein would give a measure of the accumulation of virus particles in thrips, whereas monitoring of the NSs protein, which is not present in virus particles (Kormelink et al., 1991) , would provide evidence for expression and replication of the viral genome. Using ELISA and polyclonal antibodies against the N protein, it was found that the titre of this protein dropped within the first few hours after acquisition but increased after 24 h to levels above the amount ingested, eventually achieving a plateau before the prepupal stage (Fig. 1) . Lower values for the N protein were consistently observed around 36 h after acquisition, a phenomenon which coincided with moulting of the larvae from the first to the second instar. Although the increase of N protein in the thrips larvae already indicated that TSWV multiplied in its vector, further evidence was obtained by demonstrating the de novo synthesis of the NSs protein in thrips larvae. The amount of this protein detected in thrips immediately after acquisition was virtually zero but started to increase simultaneously, though at a dissimilar rate, with the N protein (Fig. 1) .
The production of the N and NSs proteins in thrips was further substantiated by immunoblot analysis. Both proteins were consistently found in extracts p r e p a r e d from all instars, except when the larvae were sampled 2 or 6 h after acquisition (Fig. 2) . Lower a m o u n t s o f NSs occurred in samples p r e p a r e d from second stage larvae (just before pupation), p r e p u p a e and p u p a e than in samples from larvae 72 h after acquisition and in 1 to 8 day old adults. The concentration of N protein is apparently slightly lower in the adults than in old larvae (Fig. 2) . The production of the N as well as the NSs protein was further investigated in a more detailed analysis made during the development of the infection in 2 to 72 h old larvae. Both proteins could be detected by immunoblotting 18 h after acquisition and their amounts increased in the following 24 h (results not shown). From the increasing accumulation of N and NSs protein, as determined by ELISA and immunoblot analysis, it can be concluded that TSWV replicates in its insect vector.
In situ localization of virus and viral proteins in thrips
Ultrathin sections of 3 to 4 day old adult thrips were analysed by immunogold labelling to determine in which organs and tissues the virus replicates. Adults contained readily detectable amounts of NSs protein in all adult stages sampled (Fig. 2) and responded positively in infection tests (results not shown). These adults had fed as 1 day old larvae for 24h on leaves of infected Impatiens plants and were selected for their infectivity as described. Immunogold/silver staining showed the abundant presence of the N and NSs proteins in the salivary gland tissue (Fig. 3) . The salivary glands are positioned in the prothorax of the insect, partly surrounding the oesophagus (Fig. 3 b) (Ullman et al., 1989) . Epipolarization studies showed the presence of the N protein in confined areas of the gland tissue (Fig. 3 a) , and the NSs protein appeared evenly spread throughout the cells (Fig. 3 c) .
Thin sections of the salivary glands revealed the presence of many electron-dense aggregates embedded in the cytoplasm (Fig. 4a) . These aggregates (viroplasms) are specifically gold-labelled after treatment with N antiserum (Fig. 4b) . Numerous virus particles were observed in the salivary ducts, aligned with the duct membrane (Fig. 4 c) . The nature of these particles could be deduced from immunogold labelling with N antiserum (Fig. 4 a t) and their characteristic shape with a membrane. The saliva vesicles which accumulate in the salivary gland cells usually contained a limited number of virus particles (Fig. 4e) , compared to the number of virus particles in the salivary ducts. A few virus particles were also discerned in the cytoplasm.
The NSs protein was not confined to specific compartments, but appeared to be distributed through the whole cytoplasm of the gland cells (Fig. 4f) . Another prominent location of both N and NSs proteins was the muscle cells associated with the midgut epithelium. Fig.  5(a) shows two segments due to looping of the midgut (Ullman et al., 1989) . Like the salivary gland cells, the muscle cells contain viroplasms, gold-labelled with N antiserum (Fig. 5a and b) , and the NSs protein scattered through the cytoplasm (Fig. 5c ). The viroplasms, clearly shown in Fig. 5 (c) , have an appearance similar to those found in TSWV-infected plant cells . vectors as shown by Reddy & Black (1966) . Applying this approach in the present study, an increase in concentration of two TSWV-encoded proteins, the N protein and the NSs protein encoded by the S RNA, was demonstrated in F. oecidentalis after short (2 h) acquisition of the virus on infected plants. After a lag phase, the amount of N increases above the level ingested during acquisition (Fig. 1) . The increased amounts of this protein and of the NSs protein firmly demonstrate replication of TSWV in its vector. The accumulation of N protein is indicative of the production of virus particles, but the accumulation of the NSs protein, which has not been found in virus particles (Kormelink et al., 1991) , can only occur after transcription of its m R N A from the complementary viral RNA strand which is formed during the replication of viral RNA. Hence, the presence and increase of this protein in thrips as well as that of the N protein both give conclusive proof that TSWV replicates in its vector. As expected, the development of the titre of proteins in the larvae coincides closely with the development of their infectivity (I. Wijkamp & D. Peters, unpublished) .
The in situ localization of the N and NSs proteins in salivary glands and in midgut muscle cells presents further evidence for multiplication of TSWV in thrips and provides information on the sites of active replication. The N protein was abundantly present in electron-dense aggregates showing obvious similarity in structure to the viroplasms found in infected plant cells . The NSs protein was scattered in the cytoplasm, again similar to what is found in infected plant cells. The intracellular appearance of NSs may depend on the TSWV isolate studied. Kitajima et al. (1992) reported the presence of NSs exclusively in fibrous aggregates in plant cells infected with several TSWV isolates. The TSWV BR-01 isolate used in the present study does not induce such structures in plant cells (Kormelink et al., 1991; Kitajima et al., 1992) nor, as shown here, in insect cells.
Virus particles are efficiently released into the salivary ducts as evidenced by their abundant presence there. The observation of virus particles in the saliva secretory vesicles supports the idea that the virus particles are released during the secretion of saliva into the ducts. The occurrence of virus particles in these vesicles may be indicative of a direct involvement of the Golgi apparatus in the multiplication of TSWV, e.g. the assembly of the virus particles, and transport to the ducts by the vesicles, which bud from the Golgi apparatus. The saliva granules may be the equivalent of the vesicles formed in sandfly fever virus infections (Smith & Pifat, 1982) transporting the virus particles from the Golgi apparatus to the cell surface. It is generally accepted that the tospoviruses, while replicating in plants, accumulate in the cisternae of the endoplasmic reticulum . Some observations have been made which suggest that the Golgi apparatus is involved in the maturation of the tospoviruses in plants , e.g. in a process to modify the membrane-bound glycoproteins. This does not exclude the possibility that tospoviruses mature in different cell compartments of plant and thrips cells.
Viroplasms in thrips cells are also interspersed with electron-dense aggregates as described by Ie (1982) and Kitajima et al. (1992) , showing another similarity to infected plant cells. Those in plant cells are considered to be formed by nucleocapsids. The nature of the dense aggregates in thrips has yet to be elucidated.
